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The total cellular lipids of Porphyromas gingivalis, a known periodontal pathogen, were previously shown to promote dendritic
cell activation and inhibition of osteoblasts through engagement of Toll-like receptor 2 (TLR2). The purpose of the present in-
vestigation was to fractionate all lipids of P. gingivalis and define which lipid classes account for the TLR2 engagement, based on
both in vitro human cell assays and in vivo studies in mice. Specific serine-containing lipids of P. gingivalis, called lipid 654 and
lipid 430, were identified in specific high-performance liquid chromatography fractions as the TLR2-activating lipids. The struc-
tures of these lipids were defined using tandem mass spectrometry and nuclear magnetic resonance methods. In vitro, both lipid
654 and lipid 430 activated TLR2-expressing HEK cells, and this activation was inhibited by anti-TLR2 antibody. In contrast,
TLR4-expressing HEK cells failed to be activated by either lipid 654 or lipid 430. Wild-type (WT) or TLR2-deficient (TLR2�/�)
mice were injected with either lipid 654 or lipid 430, and the effects on serum levels of the chemokine CCL2 were measured 4 h
later. Administration of either lipid 654 or lipid 430 to WT mice resulted in a significant increase in serum CCL2 levels; in con-
trast, the administration of lipid 654 or lipid 430 to TLR2�/� mice resulted in no increase in serum CCL2. These results thus
identify a new class of TLR2 ligands that are produced by P. gingivalis that likely play a significant role in mediating inflamma-
tory responses both at periodontal sites and, potentially, in other tissues where these lipids might accumulate.

Toll-like receptors (TLRs) represent a diverse family of mole-
cules that play a critical role in activating the innate immune

system in response to pathogens (1, 2). Toll-like receptor 2 (TLR2)
recognizes diverse molecular structures of microbial cell wall ori-
gin, including lipoteichoic acid, lipoproteins, peptidoglycan from
Gram-positive bacteria, lipoarabinomannan from mycobacteria,
and zymosan from yeast cell walls. TLR2 is reported to be activated
by many other microbial products, including phenol-soluble
modulins (3) and Porphyromonas gingivalis lipoprotein (4), lipo-
polysaccharide (LPS) (5–7), and fimbriae (8–10). However, two
recent reports have questioned the extent to which lipoprotein,
LPS, or fimbriae mediate TLR2 engagement by P. gingivalis
(11, 12).

We previously reported that the total lipid extract of P. gingi-
valis promotes activation of mouse dendritic cells and inhibits
osteoblast-mediated bone deposition through engagement of
TLR2 (13, 14). These effects were attributed to the dominant
phosphorylated dihydroceramide lipids of P. gingivalis, in partic-
ular, phosphoethanolamine dihydroceramides. These studies re-
ported engagement of TLR2 only in vitro in mouse cells. Recent
reports have demonstrated TLR2-dependent periodontal bone
loss in mice following oral infection with P. gingivalis (15, 16).
Most recently, cell adhesion mediated through the expression of
fimbriae by P. gingivalis has been implicated in promoting of
TLR2-dependent oral bone loss (17). In contrast, two recent re-
ports indicated that the capacity of fimbriae to engage TLR2 is
dependent on the presence of a contaminating factor that is sus-
ceptible to hydrolysis by lipoprotein lipase (11, 18).

In addition to effects on mouse cells, the phosphorylated dihy-
droceramide lipids of P. gingivalis have been shown to promote
proinflammatory responses in human fibroblasts and to cause dis-

ruption of human fibroblast adherence/vitality in culture (19).
However, it is not clear whether these effects require engagement
of TLR2. Since the total lipid extract of P. gingivalis has been
shown to activate TLR2 in mice and in mouse cells, the primary
purpose of this investigation was to further identify and charac-
terize the specific lipid classes of P. gingivalis that are responsible
for engagement of TLR2 and, specifically, to determine whether
similar effects are observed in cells expressing human TLR2.

MATERIALS AND METHODS
Reagents. BBL Biosate peptone, Trypticase peptone, yeast extract, and
brain heart infusion (BHI) broth were obtained from Fisher Scientific.
Neutralizing human and mouse anti-TLR2 antibodies, anti-TLR6 anti-
bodies, and anti-TLR1 antibodies were obtained from InvivoGen, San
Diego, CA. CCL2 enzyme-linked immunosorbent assay (ELISA) kits were
obtained from R&D Systems, Minneapolis, MN. Lipoteichoic acid was
obtained from InvivoGen, San Diego, CA. MMP is a synthetic bacterial
lipoprotein and TLR2 ligand [palmitoyl-Cys (R,S)-2,3-di(palmitoyloxy)-
propyl)-Ser-Ser-Asn-Ala-OH(pam3-Cys-Ser-Ser Asn-Ala-OH; Bachem
H-9460] (20). Deuterated solvents (CCl3D, D3COD, and D3COH) and
[1-13C]sodium acetate were obtained from Cambridge Isotope Laborato-
ries, Andover, MA. Nuclear magnetic resonance (NMR) tubes were ob-
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tained from Norrell, Landiville, NJ. Gas chromatography-mass spec-
trometry (GC-MS) derivatizing agents were obtained from Pierce,
Rockford, IL.

Bacterial growth. Bacteria were grown in broth culture as previously
described. P. gingivalis (ATCC 33277, type strain) was inoculated into
basal medium (peptone, Trypticase, and yeast extract) supplemented with
hemin and menadione (Sigma, St. Louis, MO) and brain heart infusion
(BHI) broth (19). Culture purity was verified by lack of growth in aerobic
culture and formation of uniform colonies when inoculated on brain
heart infusion agar plates and grown under anaerobic conditions. The
suspension cultures were incubated for 4 days in an anaerobic chamber
flushed with N2 (80%), CO2 (10%), and H2 (10%) at 37°C, and the bac-
teria were harvested by centrifugation (3,000 � g for 20 min).

Lipid extraction, fractionation, and characterization. Lipids were
extracted from lyophilized bacterial pellets. Generally, 2 to 4 g of bacterial
pellet was extracted for each semipreparative fractionation. The bacterial
samples were weighed and dissolved in chloroform-methanol-water
(1.33:2.67:1 [vol/vol/vol]; 2 g of bacterial pellet in a total of 16 ml of
solvent). The mixture was vortexed at 15-min intervals for 2 h, and the
mixture was supplemented with 6 ml of chloroform and 6 ml of a combi-
nation of 2 N KCl and 0.5 N K2HPO4. The mixture was vortexed and
centrifuged at 20°C for 45 min. The lower organic phase was removed and
dried under nitrogen. The dried extract was reconstituted in high-perfor-
mace liquid chromatography (HPLC) solvent (hexane-isopropanol-wa-
ter [6:8:0.75, vol/vol/vol; 18-ml total volume) and vortexed. The sample
was centrifuged at 2,500 � g for 10 min, and the supernatant was removed
for HPLC analysis. Semipreparative HPLC fractionation was accom-
plished by using a Shimadzu HPLC system equipped with dual pumps
(LC-10ADvp), an automated controller (SCL-10Avp), and an in-line UV
detector (SPD-10Avp). Lipids were fractionated by using normal phase
separation (AscentisSi; 25 cm by 10 mm by 5 �m; Supelco Analytical) with
a solvent flow of 1.8 ml/min and 1-min fractions. The effluent was mon-
itored at 205 nm. Replicate fractionations were pooled and dried under
nitrogen. The dried samples were reconstituted in HPLC solvent for MS
analysis as described below. Based on the MS profiles, selected fractions
were weighed and aliquoted for biological testing as described below.

HPLC fractionations also included analytical normal-phase HPLC us-
ing an AscentisSi column (25 cm by 4.6 mm by 5 mm; Supelco Analytical),
as described below in Results. This column was used with a flow of 0.5
ml/min, and effluent was monitored as described above. Lipid samples to
be analyzed by NMR were first repurified by this method before dissolving
them in deuterated NMR solvent.

Mass spectrometry. HPLC fractions derived either from semi-
preparative purification or analytical column enrichment were infused at
a low flow rate (0.1 ml/min) into an ABSciex 4000 Qtrap instrument.
Lipid samples were dissolved in the HPLC solvent described above. For
mass spectrometry analyses, a short normal-phase column (AscentisSi; 3
cm by 2.1 mm by 5 �m; Supelco Analytical) was used for separation of the
injected lipids fractions. HPLC solvent was delivered under isocratic con-
ditions with a Shimadzu LC-10ADvp pump. Total ion chromatograms
were acquired using a mass range of 100 to 1,800 atomic mass units (amu),
and tandem MS (MS/MS) acquisitions used parameters optimized for the
specific lipid products under analysis. Collision energies for negative ion
products were typically between �30 and �55 V, depending on the pre-
cursor ion under investigation.

Fatty acid analysis of P. gingivalis lipids included transesterification or
base-catalyzed hydrolysis, using either sodium methoxide (0.5 ml of 0.5 N
in dry methanol; 40°C for 20 min) or potassium hydroxide (0.5 ml of 4 N,
100°C for 2 h), respectively. Fatty acid methyl esters were recovered by
extraction into hexane (three times; 1 ml) after the addition of 1.0 ml of
water to the sodium methoxide hydrolysis solution. The hexane extracts
were then dried, reconstituted with N,O-bis(trimethylsilyl)trifluoroacet-
amide, and allowed to stand overnight before analysis. The potassium
hydroxide hydrolysis reaction was stopped with the addition of 0.15 ml of
concentrated HCl and 1 ml of water. The hydrolysate was extracted in

triplicate with chloroform, and the combined extracts were dried under
nitrogen. The dry extract was then treated to form pentafluorobenzyl
ester, trimethylsilyl (TMS) ether derivatives as previously described (21).

Serine was hydrolyzed from the target lipids by adding 0.1 ml of 6 N
HCl and heating the sample for 4 min in a microwave oven (22). The
residue was dried and prepared to form methyl ester-pentafluoropropyl
ether/amide derivatives for analysis according to the method of Fuchs
et al. (23). The dried samples were first treated with acetyl chloride-meth-
anol (1:4 [vol/vol[; 100 �l; 70°C for 45 min) and dried. The samples were
then treated with chloroform-pentofluoropropionic anhydride (4:1 [vol/
vol]; 500 �l; 100°C for 20 min) and dried. The residues were dissolved in
chloroform and analyzed by GC-MS.

Fatty acid and serine analyses. Experiments were performed on an
Agilent 5975C GC-MS apparatus. Fatty acid samples were run on an Agi-
lent HP-5 M column with a helium flow rate of 1 ml/min for both positive
and negative ionization conditions. The column was generally heated
from 100 to 290°C, and the injection block and transfer line were main-
tained at 280° and 290°C, respectively. Methyl ester-TMS products were
run in the electron impact mode, and pentafluorobenzyl-TMS derivatives
were run in the negative chemical ionization mode. Fatty acid quantifica-
tion was accomplished by electronic integration of selected ion chromato-
grams. Serine quantification was accomplished using a chiral column
(CP-Chirasil-L-Val; 25-m by 0.25-mm by 0.25-�m column; Agilent). The
serine derivatives (pentafluoropropyl ether/amide-methyl ester deriva-
tives) of each sample were run from 80°C to 150°C with the injection block
and transfer line both held at 150°C. D- and L-serine standards were pre-
pared in parallel to determine the epimeric form of serine recovered in the
serine lipids of P. gingivalis.

NMR spectroscopy. All NMR experiments were performed on Agilent
VNMRS spectrometers equipped with cryogenically cooled HCN triple
resonance probes at 18.8 T (1H and 13C enhanced) and 11.7 T (1H en-
hanced). All NMR experiments were performed at the natural abundance
of 13C and 15N with a lipid concentration of approximately 1.5 mM at
25°C with a sample volume of 600 �l in a 5-mm sample tube. The lipid
sample was dissolved in deuterated solvent (CD3Cl-D3COD, 2:1 [vol/
vol]), which gave narrow line widths, and the following experimental data
were collected; one-dimensional (1D) 1H, 1D 13C (24), 2D TOCSY (25),
2D DQF-COSY (26), 2D 1H-13C HSQC (27), 2D 1H-13C HMBC (28), and
2D 1H-13C H2BC (29). For evaluation of proton substitution of nitrogen,
the lipid sample was dissolved in CD3Cl-D3COH (2:1 [vol/vol]) and an-
alyzed as a 2D 1H-15N HSQC spectrum and two 1D 1H-15N HSQC spectra
(1H detected) run in a mode that only observed primary or secondary
amines, respectively. The 1H-13C HMBC spectrum was collected as four
different experiments, each enhanced for a different 1H-13C multiple-
bond coupling (3 Hz, 5 Hz, 8 Hz, and 10 Hz) and added together after
processing the individual spectra. The 1D 13C spectrum was collected at
18.8 T by using a spin-echo sequence, which gave perfectly flat baselines,
along with chirp pulses to obtain uniform excitation over a 52,000-Hz
sweep width (pulse sequence provided by Agilent). All NMR data were
processed and analyzed using either MestReNova or NMRPipe software.
The structure was reconciled through correlations in the HMBC, H2BC,
DQF COSY, and TOCSY spectra along with 1H-1H splittings, 1H integra-
tions, and 13C chemical shifts.

Mice. Female C57BL/6 (WT) mice were purchased from Jackson Lab-
oratory (Bar Harbor, ME). TLR2�/� mice, bred onto a C57BL/6 back-
ground, were a generous gift of S. Akira (Osaka University, Japan) (30).
All mice were between 6 and 12 weeks old when used, and all mice were
maintained and bred in accordance with University of Connecticut Cen-
ter for Laboratory Animal Care regulations.

Cell lines and assays. Human embryonic kidney cells (HEK293 cells),
either nontransfected or transfected with human TLR2 or human TLR4
and stably expressing MD-2 and CD14, were purchased from InvivoGen.
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco) containing 4.5 g/liter L-glucose and 10% fetal bovine serum (FBS).
The activities of specific TLR agonists were measured through a colori-
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metric assay for the secretory embryonic alkaline phosphatase (SEAP), a
reporter gene that is linked to NF-�B activation. Measurement of SEAP
activity using the Quanti-blue substrate (InvivoGen) after TLR agonist
treatment was carried out in test medium (DMEM, 10% FBS) without
antibiotics according to the manufacturer’s instructions. NF-�B activa-
tion was expressed as a response ratio for each stimulus relative to SEAP
activity in unstimulated (vehicle control) cells. For in vitro testing, all lipid
preparations tested were solubilized in a 50% mixture of dimethyl sulfox-
ide (DMSO)-water (approximately 1.11% DMSO in the final culture me-
dium).

In vivo assays. Wild-type (WT) C57BL/6 mice or TLR2�/� mice were
injected intraperitoneally (i.p.) or intravenously (i.v.) with vehicle control
or specific lipids. Four hours later, blood samples were obtained from
mice, and the mice were euthanized in accordance with University of
Connecticut Center for Laboratory Animal Care regulations. Serum was
separated from the blood samples and frozen at �80°C until analysis.
Serum samples were analyzed for levels of CCL2 by ELISA (R&D, Minne-
apolis, MN).

Assessment of lipid 654 contamination of P. gingivalis LPS. Crude
LPS of P. gingivalis was prepared using the TRI reagent method of Yi and
Hackett (31), and the crude LPS was precipitated with cold magnesium
chloride in 95% ethanol (31). After three additional precipitations with
95% ethanol followed by precipitation with 100% ethanol (31), the LPS
preparation was dried. Aliquots of LPS (20 �g) were dispensed into glass
vials to which known amounts of serine lipid internal standard was added.
The serine lipid internal standard was prepared by culturing P. gingivalis
in BHI broth (described above) supplemented with 1-13C-labeled sodium
acetate (0.5 g/liter). Bacteria were harvested by centrifugation, and total
lipids were extracted and fractionated as described above. A lipid fraction
with the retention time of lipid 654 was shown by electrospray ionization
(ESI)-MS to have a peak mass of m/z 660. The background m/z 654 lipid in
this internal standard lipid preparation was only 1.5% of the abundance of
the m/z 660 species. This lipid fraction was used as an internal standard for
quantifying lipid 654 contamination of P. gingivalis LPS.

The LPS:internal standard mixtures (prepared in a 0.5-ml volume in
water) were supplemented with 2 ml of chloroform-methanol (1:2 [vol/
vol]) and vortexed repeatedly over 1 h. The samples were supplemented
with chloroform (0.75 ml) and 0.75 ml of 2 N KCl plus 0.5 N K2HPO4.
After vortexing, the lower chloroform phase was removed and dried.
These samples were subjected to multiple reaction monitoring
(MRM)-MS as previously described (32) with instrument parameters op-
timized for the m/z 654-to-m/z 381 transition (lipid 654 product) and the
m/z 660-to-m/z 385 transition (internal standard). The ratio of the elec-
tronically integrated peaks for these two transitions was then used to de-
termine the amount of lipid 654 present in 20 �g of P. gingivalis LPS.

Statistical analysis. Data are expressed as the means � standard er-
rors. Statistical testing included an analysis of variance (ANOVA)with
pairwise comparisons using the Fisher least significant difference (LSD)
test or the Student t test for simple group mean comparisons.

RESULTS
Activation of human TLR2 by P. gingivalis lipids. To determine
the ability of P. gingivalis lipids to activate human cells via TLRs,
we fractionated the total lipids of P. gingivalis by HPLC, and an
aliquot of each fraction was dried and dissolved in 50% DMSO in
water. Each HPLC fraction was then tested for cell activation by
using HEK293 cells stably transfected with human TLR2, CD14,
MD-2, and SEAP genes. In addition, the HEK293 cells naturally
express variable levels of TLRs 1, 3, 5, 6, 7, and 9. The SEAP re-
porter gene is under the control of the beta interferon minimal
promoter fused to five NF-�B and AP-1 binding sites. Stimulation
with a TLR2 ligand activates NF-�B and AP-1, which induces the
production of SEAP. SEAP is then quantitated via a colorimetric
change in medium samples following the addition of a suitable

enzyme substrate. Using this cell screen for human TLR2 engage-
ment, each HPLC lipid fraction was screened for cell activation.
We observed HEK cell activation, depicted as the response ratio
relative to the vehicle control culture, only in HPLC fractions 33
through 40, as shown in Fig. 1A. Using mass spectrometry, we
then examined these HPLC fractions for lipid ions that correlated
with the observed HEK cell activation. HEK-TLR2 cell activation
directly correlated with levels of lipids that produced negative ions
of m/z 654, 640, and 626 (here termed lipid 654) or negative ions
of m/z 430, 416, and 402 (here termed lipid 430). The ion abun-
dances of the m/z 654 and 430 negative ions are depicted for HPLC
fractions 33 through 40 in Fig. 1B and C, and these negative ions
represent the most abundant lipid species within lipid 654 and
lipid 430 classes. Although these TLR2-activating HPLC fractions
contained small amounts of previously characterized phosphati-
dylethanolamine and phosphoethanolamine dihydroceramide
lipids as determined by mass spectrometric analysis (19), the min-
imal levels of these contaminating lipids did not correlate with
TLR2 cell activation (see below).

MS and NMR analysis of lipid 654. The negative ion MS/MS
analysis of the m/z 654, 640, and 626 precursor ions revealed the
MS/MS spectra shown in Fig. 2A to F. The proposed lipid struc-
ture in Fig. 2G shows the most abundant species of the lipid 654
class. The structure depicts two fatty acids linked by a �-carbon
ester, and the hydroxyl fatty acid is held in amide linkage to a
dipeptide composed of glycine and a terminal serine. Other fatty
acids can be substituted into this lipid class as described below,
and these alternate fatty acid substitutions account for the m/z
654, 640, and 626 parent molecules. Lipid extracts from the broth
medium used to culture P. gingivalis showed no m/z 654, 640, or
626 ions (data not shown). Reconciliation of the ion fragments for
the lipid 654 structure is provided in the legend for Fig. 2. Positive
ion mass spectra revealed molecular ion masses of m/z 656, 643,
and 628, indicating at least one elemental nitrogen atom in the
component molecular species of the lipid 654 class (data not
shown).

FIG 1 HEK293 activation by lipids recovered in HPLC fractions of P. gingi-
valis total lipids. HEK293 cells, transfected with the human TLR2, MD-2,
CD14, and SEAP genes, were used to assay the functions of P. gingivalis lipid
fractions in vitro. A defined volume of each HPLC fraction was dried and
reconstituted in 50% DMSO in water. The final concentration of DMSO
achieved in culture medium was 1.11%. HEK293 cells were stimulated for 24 h
with a defined amount of each lipid fraction. Results are expressed as the
stimulated/nonstimulated (DMSO control) response ratio of HEK293 cells
(graph A). Graphs B and C show the ion abundances within each HPLC frac-
tion of lipids that produced negative ions of m/z 654 and 430, respectively.
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The multiple-bond 1H-13C correlations from the HMBC,
1H-1H correlations from the DQF-COSY and TOCSY experi-
ments, 13C chemical shifts, 1H integrations, and 1H-1H coupling
constants were sufficient to map the structure of the lipid for all
atoms except the central CH2 groups in the fatty acid aliphatic
chains, due to significant overlap in the NMR spectra. Informa-
tion used in the structure determination is shown in Table 1, with
carbon numbers corresponding to those listed in the chemical
structure in Fig. 2G. Integration of the large overlapped peak in

the 1H 1D NMR spectrum corresponding to 17 CH2 groups
yielded a value of 35.9, slightly higher than the expected 34 but
well within the expected error and consistent with the length of
fatty acid aliphatic chains. Coupling patterns and integrations
confirmed that approximately 85% of the fatty acids are iso-
branched, with 15% being anteisobranched. The 1H-15N HSQC
confirmed that there were two protonated nitrogens, and both
were shown to be secondary amines. The 1D 13C NMR spectrum
confirmed the presence of four carbonyl carbons, although the

FIG 2 MS/MS profiles of 654, 640, and 626 lipid species. A highly enriched preparation of lipid 654 was subjected to MS/MS analysis as described in Materials
and Methods. The partial mass spectra are depicted for the m/z 654 lipid species (A and D), the m/z 640 lipid species (B and E), and the m/z 626 lipid species (C
and F). The proposed structure of the most abundant species in the lipid 654 class is shown in graph G. The numbers adjacent to specific carbons refer to the NMR
assignments shown in Table 1. The major low-mass product ions (�200 amu) detected with the three parent lipid species were essentially identical (A, B, and C),
and these product ions represent cleavage products of the serine-glycine head group as depicted in the proposed chemical structure (G). Loss of the -CH2-OH
from the m/z 103 fragment and addition of two protons yields an m/z 74 product ion. Loss of a proton from the m/z 88 fragment yields an m/z 87 product ion.
Loss of the -CH2-OH from the m/z 131 fragment and loss of a proton yield an m/z 99 product ion. Loss of the -CH2-OH from the m/z 160 fragment and loss of
a proton yield an m/z 129 product ion. Cleavage between carbons 7 and 8 and loss of the -CH2-OH group plus addition of two protons yield the m/z 173 ion
product. The m/z 160 fragment forms an imine with loss of a proton to yield an m/z 159 product ion. The m/z 412 fragment results from loss of the C15:0 fatty acid
(241 amu) from the 654 precursor ion. The m/z 381 fragment results from loss of C15:0 fatty acid and -CH2-OH from the 654 precursor ion. Fragmentation of the
serine-glycine dipeptide together with loss of the C15:0 fatty acid results in the other ion fragments (m/z 250 to 420) depicted in graph D. Additional fatty acids
described elsewhere in Results account for the 640 and 626 lipid species.
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signal for carbonyl 1 was weak due to a longer T1 relaxation time (a
3-s recycle delay was used). The four carbonyls were also observed
by long-range couplings in the 1H-13C HMBC. The three methyl-
ene groups at atoms C-3, C-5, and C-7 gave unique chemical shifts
for the two protons, demonstrating a lack of bond rotation. From
these proton and carbon assignments, listed in Table 1, together
with the mass spectrometric results, we confirmed that this lipid
class represents the previously reported lipid called flavolipin (33–
36). However, as discussed below, lipid 654 is clearly distinct from
flavolipin, both in its biological activity and in the range of bacte-
ria from which it can be derived.

MS analysis of lipid 430. The molecular weights of the three
major lipid species within the lipid 430 class could be consistent
with the loss of an esterified fatty acid from the respective constit-
uent lipid species of the lipid 654 class. To analyze this possibility,
a sample of HPLC lipid fraction 35 containing highly enriched
lipid 654 was subjected to base-catalyzed hydrolysis with either
sodium methoxide or KOH in order to release ester-linked fatty
acids. Both hydrolysis methods yielded low levels of lipids that
produced negative ions of m/z 430, 416, and very small amounts of
402 as measured by ESI-MS (Fig. 3). The nonesterified 430 lipid
class recovered in HPLC fraction 39 of the total lipid extract of P.
gingivalis (Fig. 3A) showed an MS/MS spectrum similar to the m/z
430 lipids recovered after sodium methoxide treatment of lipid
654 (Fig. 3B) or KOH treatment of lipid 654 (Fig. 3C). The m/z 430
and 416 negative ions of the nonesterified lipid 430 were evaluated

by MS/MS and revealed low-mass product ions (�200 amu), sim-
ilar to those produced from m/z 654, 640, and 626 lipid species
(Fig. 2). By increasing the collision energy for gas-phase fragmen-
tation of precursor ions, the low-mass ion fragments (�200 amu)
of the m/z 654 precursor increased in abundance to that shown for
the lipid 430 fragmentations shown in Fig. 3 (precursor data not
shown). As with the lipid 654 class, lipid extracts from the broth
medium used to culture P. gingivalis showed no m/z 430, 416, or
402 ions (data not shown). These results demonstrate that the
lipid 430 class represents the deesterified or nonesterified lipid 654
class (Fig. 3D, lipid 430 structure) and that the three lipid species
contain the same amino acids within their respective head groups.
However, the base-catalyzed hydrolysis of either the lipid 654 or
lipid 430 classes eliminated their ability to activate TLR2-express-
ing HEK293 cells due to substantial breakdown of the lipid 654/
430 products, as verified by thin-layer chromatography.

Fatty acid and serine constituents in the lipid 654 class.
Hexane extraction of the sodium methoxide-treated lipid 654 fol-
lowed by GC-MS analysis yielded fatty acid methyl esters, includ-
ing branched CH3-C15:0 with lesser amounts of CH3-C14:0 (2.3%)
and CH3-isobranched C13:0 (0.44%). Hexane extracts of the
KOH-treated lipid 654 were processed to form pentafluorobenyl
ester, TMS ether derivatives and were prepared in parallel with
synthetic standards of anteisobranched and isobranched C15:0 and
3-OH fatty acid standards. Negative-ion GC-MS revealed that the
C15:0 is approximately 88% isobranched, with the remainder an-

TABLE 1 NMR analysis of the lipid 654 classa

Carbon no.
or amino
acid Group Integration 1H � (ppm) 13C/15N � (ppm) 1H-1H J (Hz)

DQF-COSY
correlation(s) TOCSY correlations HMBC correlation(s)

1 CAO 174.877 2, Ser Ni

2 CH 0.94 4.465 57.571 3.76 (3, 3=) 3, 3=, 17 3, 3=, 17 1, 3, 4
3 CH2

b 2.16c 3.873, 3.794 64.582 11.58 (gemj), [3,47, 4.19] 2, 3, 3= 2, 3, 3=, 17 2i

4 CAO 172.033 2, Ser N, 5
5 CH2

b 1.77c 3.843, 3.801 45.209 16.76 (gemj) 5, 5= 5, 5= 4, 6
6 CAO 174.142 5, Gly N, 7, 8
7 CH2

b 1.97 2.460, 2.412 43.506 14.53 (gemj), [7.58, 5.07] 8 8, 9, 10, FA 6, 8, 9
8 CH 1.0 5.122 73.82 —g 7, 7=, 9 7, 7=, 9, 10, FA 6, 7, 9, 10
9 CH2 4.28d,e 1.533 36.711 —g 8, 10 7, 7=, 8, 10, FA 7, 8, 10, FA
10 CH2 —e 1.225 27.668 —g 9, FAh 7, 7=, 8, 9, FA 9, FA
11 CAO 176.732 8, 12, 13
12 CH2 2.00 2.222 36.984 7.5, 2.97, 2.66 13 13, FA 11, 13, FA
13 CH2 4.28d,e 1.509 27.508 —g 12, FA 12, FA 11, 12, FA
14 (CH2)2 3.91 1.051 41.545 —g FA, 15 FA, 15, 16 FA, 15, 16
15 (CH)2 1.69e 1.430 30.437 6.68 14, 16 FA, 14, 16 FA, 14, 16
16 (CH3)4 11.80 0.778 29.947 6.68 15 FA, 14, 15 14, 15
Ser NH-Ser 1.0 7.504 112.19 2 2, 3, 3= 2, 1, 4
Gly NH-Gly 1.0 7.756 110.82 5, 5= 5, 5= 5, 6
a For NMR evaluation of lipid 654, a highly purified lipid sample was processed as described in Materials and Methods. For the NMR proton assignments, all integrations were
normalized to the proton on C-8 (integrated to 1.0). The carbon assignments shown in Fig. 1G correspond to the carbon numbers listed in the first column.
b Methylene groups for C-3, C-5, and C-7 gave unique proton chemical shifts, indicating a lack of proton rotation.
c Proton resonances for C-3 and C-5 overlap, causing the individual integrations to be slightly deviated, but taken together they integrated to 4.04, a result very close to the
predicted value of 4.0.
d Proton resonances for C-9 and C-13 overlap and were integrated together.
e The integration of the peak for C-15 yielded 1.69, 15% lower than the predicted 2.0, indicating that approximately 85% of the fatty acids are isobranched. Integration of peaks C-9
and C-13 yielded 4.28, which is slightly higher than the predicted 4.0 due to an extra signal from the approximately 15% of anteisobranched fatty acid.
f Peak overlaps, with the intense peak from the fatty acid. The total integration of the intense peak was 35.92, slightly higher than the predicted 34.
g We could not determine couplings due to overlap.
h FA, fatty acid.
i Coupling between C-1 and C-3 was not observed due to overlap between the proton chemical shifts of C-3 and C-5.
j gem, geminal protons.
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teisobranched C15:0. Straight-chain C15:0 was not observed. Nega-
tive-ion GC-MS of the 3-OH fatty acids revealed 69.8% as 3-OH
iso-C17:0, 25.5% as 3-OH C16:0, and 4.7% as 3-OH iso-C15:0. By
comparison, the average distribution of lipid species within the
lipid 654 class was as follows: m/z 654 (61.8%), m/z 640 (31%),
and m/z 626 (7.2%) ions. Therefore, the distribution of the hy-
droxy fatty acids, rather than the ester-linked fatty acids, in the
lipid 654 class appears to account for the distribution of its three
characteristic lipid species. The epimeric configuration of serine in
the 654 lipid class was determined by chiral GC-MS analysis. This
analysis demonstrated that the 654 lipid class contains only L-ser-
ine (data not shown). The stereochemistry of C-8 (Fig. 1G) has not
been determined for lipid 654, nor has the stereochemistry of C-14
for the anteiso-C15:0 fatty acid been determined.

Lipid 654 and lipid 430 effects in vitro: dose responses and
biological activities relative to other major lipid classes of P.
gingivalis. We next evaluated the biological activity dose-re-
sponse characteristics of lipid 654 and lipid 430 and compared
these responses with well-characterized TLR2 agonists as well as
other prevalent lipid classes of P. gingivalis. The HPLC fractions
containing either highly enriched lipid 654 (fraction 35) or lipid
430 (fraction 39) were evaluated for their abilities to activate
TLR2-expressing HEK293 cells compared with the substituted
phosphoglycerol dihydroceramides (subPG-DHC), unsubsti-
tuted phosphoglycerol dihydroceramide lipids (unPG-DHC),
phosphoethanolamine dihydroceramide lipids (PE-DHC), and
phosphatidylethanolamine (PEA) lipids of P. gingivalis (Fig. 4).
Compared with the known TLR2 ligand positive controls MMP

FIG 3 MS/MS profiles of 430 lipid species. Samples of the highly enriched preparation of lipid 654 were subjected to either KOH or NaOCH3 treatment as
described in Materials and Methods. The highly enriched lipid 430 (Fig. 1, fraction 39) prepared from the total lipids of P. gingivalis was compared with the KOH-
or NaOCH3-hydrolyzed lipid 654 samples by using MS/MS analysis as described in Materials and Methods. The partial mass spectra are depicted for the m/z 430
lipid species recovered from HPLC-fractionated total lipids of P. gingivalis (A), NaOCH3-treated lipid 654 (B), or KOH-treated lipid 654 (C). The proposed
structure shown in panel D represents the deesterified form of the 654 lipid species shown in Fig. 2G. See the Fig. 2 legend for reconciliation of the low-mass
product ions (�200 amu).
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(20) and lipoteichoic acid (LTA), lipid 654 and lipid 430 pro-
moted significant HEK cell activation over the control cells
(DMSO-treated cells). MMP (molecular weight of 1,269.82) was
used at a concentration of 0.2 �g/ml, or 0.158 �M. Using the
molecular weights and distributions of the three lipid species
within each lipid class, lipid 654 and lipid 430 at a concentration of
0.69 �g/ml represented doses of 1.066 �M and 1.621 �M, respec-
tively. Lipid 654 and lipid 430 used at a concentration of 0.17
�g/ml represented 0.259 �M and 0.395 �M, respectively. The
molecular weight of LTA was not provided by the supplier, and the
molar concentration could not be calculated. Note that all other
major lipid classes of P. gingivalis, previously isolated to very high
purity (19, 37), showed little capacity to activate TLR2 in HEK
cells. Therefore, we concluded that the phosphorylated dihydroce-
ramide lipids of P. gingivalis do not account for the HEK cell activa-
tion observed in the total lipid extract of P. gingivalis. Instead, the
HPLC fractions containing lipid 654 and lipid 430 accounted for the
majority of the HEK cell activation observed with the total lipid ex-
tract. Figure 4 also shows the dose-response characteristics of lipid
654 and lipid 430 classes and confirms that these lipid classes are
capable of activating HEK cells at low concentrations.

Lipid 654 and lipid 430 in vitro: TLR2 dependence of biolog-
ical activities. As shown in Fig. 5, MMP and LTA demonstrated
TLR2 cell activation that was inhibited by pretreatment with anti-
human TLR2 antibody. HEK-TLR2 cell responses to lipid 654 or
lipid 430 preparations of P. gingivalis were also significantly inhib-
ited by pretreatment with anti-human TLR2 antibody (Fig. 5).
These results showed that lipid 654 and lipid 430 are ligands for
human TLR2.

Lack of TLR4 activation by lipid 654 and lipid 430. A previous
report demonstrated that flavolipin induced innate immune acti-

FIG 4 HEK cell activation by lipid classes derived from P. gingivalis. HEK293
cells, transfected with the human TLR2, MD-2, CD14, and SEAP genes, were
used to assay the function of P. gingivalis lipid classes in vitro. HEK293 cells
were stimulated for 24 h with the following treatments: DMSO (vehicle; 50%
mixture of DMSO-water, approximately 1.11% DMSO in the final culture
medium; n 	 23), the known TLR2 ligand MMP (0.2 �g/ml; n 	 34), LTA (2
�g/ml; n 	 17), lipid 654 (0.17 �g/ml [n 	 5]; 0.34 �g/ml [n 	 2]; 0.69 �g/ml
[n 	 22]), lipid 430 (0.17 �g/ml [n 	 2]; 0.34 �g/ml [n 	 3]; 0.69 �g/ml [n 	
18]), subPG-DHC (0.69 �g/ml; n 	 4), unPG-DHC (0.69 �g/ml; n 	 4),
PE-DHC (0.69 �g/ml; n 	 4), and PEA (0.69 �g/ml; n 	 9). The phospholipid
preparations were prepared from P. gingivalis total lipids as previously de-
scribed (19, 37). Responses were assessed after 24 h, and results are expressed as
the ratio of stimulated versus nonstimulated (DMSO) responses. By one-way
ANOVA and Fisher LSD pairwise comparisons, HEK cell activation levels by
MMP, LTA, lipid 654, and lipid 430 (both at 0.69 �g/ml) were significantly
elevated over the DMSO vehicle (P � 0.05).

FIG 5 TLR2-mediated stimulation levels by lipid 654 and lipid 430. HEK293 cells, transfected with the human TLR2, MD-2, CD14, and SEAP genes, were
used to assay the function of lipid 654 and lipid 430 in vitro. For antibody blocking, cells were preincubated for 1 h with neutralizing anti-human TLR2
antibody (10 �g/ml; InvivoGen). HEK293 cells were stimulated for 24 h with DMSO (vehicle; 50% mixture of DMSO-water; approximately 1.11% DMSO
in final culture medium; n 	 4), the known TLR2 ligand MMP (0.1 �g/ml; n 	 6), the known TLR2 ligand LTA (1 �g/ml; n 	 6), lipid 430 (0.69 �g/ml;
n 	 2), and lipid 654 (0.69 �g/ml; n 	 7). The sample sizes (n) for each treatment refer to the number of both untreated and TLR2-blocked samples.
Responses were assessed 24 h after the addition of TLR2 ligands, and results are expressed as the ratio of stimulated to nonstimulated (DMSO) responses.
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vation by acting as an agonist for TLR4 (35). To test whether lipid
654 and lipid 430 can function as ligands for TLR4, we next uti-
lized HEK293 cells transfected with the human TLR4, CD14, and
MD-2 genes but not expressing TLR2. As shown in Fig. 6, the
known TLR4 agonist LPS (derived either from Salmonella enterica
or P. gingivalis) demonstrated the ability to stimulate the TLR4-
expressing HEK293 cells. Consistent with a previous report (38),
LPS from P. gingivalis was considerably weaker than enterobacte-
rial LPS in stimulating HEK cells. In contrast, the TLR2 agonists
MMP and LTA showed no activity. Most importantly, lipid 654
and lipid 430 showed no capacity to activate the TLR4-expressing
cell line. These results indicate that lipid 654 and lipid 430, in
contrast to flavolipin, can activate via TLR2 but are unable to
function as TLR4 ligands. In additional studies, we demonstrated
that the HEK null cells (HEK cells with the SEAP reporter gene but
without transfected TLRs) also do not respond to either the TLR4
or TLR2 agonists (data not shown).

Bioactivities of lipid 654 and lipid 430 in vivo. We next sought
to confirm the in vitro functional effects of lipid 654 and lipid 430
by using in vivo approaches. We injected mice with lipid 654 or
lipid 430 and analyzed the effect on serum levels of the chemokine
CCL2 (also known as monocyte chemoattractant protein 1).
CCL2 plays a major role in mediating the migration of inflamma-
tory macrophages into tissue sites of inflammation, and it has
been previously documented that administration of TLR agonists
to mice can result in expression of serum CCL2 (39). Further-
more, this chemokine has been suggested to be important in the
pathogenesis of autoimmune diseases and has been shown to be
critical for the development of experimental autoimmune en-
cephalomyelitis (EAE), the murine model of multiple sclerosis,
and is also believed to be critical in the pathogenesis of human
multiple sclerosis (40–43).

In our studies, lipid 654 was injected i.p. in 50% DMSO and

lipid 430 was injected i.v. in phosphate-buffered saline (PBS). We
injected WT female C57BL/6 mice and TLR2�/� female mice with
either vehicle, lipid 654, or lipid 430. Four hours later, serum was
recovered from these mice and analyzed for levels of CCL2. As
seen in Fig. 7, lipid 654 induced a significant increase in serum
levels of CCL2 in WT mice but failed to do so when injected into
TLR2�/� mice (Fig. 7A). The same was true for lipid 430. Lipid
430 induced a significant increase in serum levels of CCL2 in WT
mice but failed to do so when injected into TLR2�/� mice (Fig.
7B). These results demonstrated that both lipid 654 and lipid 430
have proinflammatory effects in vivo and, further, that these ef-
fects are dependent on TLR2.

Lipid 654 contamination of P. gingivalis LPS. The LPS extract
of P. gingivalis prepared by the method of Yi and Hackett (31) was
shown to contain 3.82% � 0.18% lipid 654 (mean � standard
deviation; n 	 3). This LPS preparation, at a concentration of 0.69
�g/ml, produced a 1.8-fold increase in TLR2 activation in HEK
cells, whereas MMP (0.2 �g/ml) produced a 3.7-fold increase. The
final concentration of lipid 654 in this LPS assay preparation was
calculated to be 0.039 �M, whereas the concentration of MMP
used in the assay was 0.158 �M.

DISCUSSION

By using HPLC together with mass spectrometric/nuclear mag-
netic resonance spectroscopy, we identified two new lipid classes
of P. gingivalis, lipid 654 and lipid 430, that act as ligands for
human and mouse TLR2. While lipid 654 shares most structural
characteristics with the previously described lipid class that in-
cludes flavolipin (33–36) and topostin (44), we found significant
differences between lipid 654 and flavolipin in their respective
biological activities. Flavolipin was named after the organisms of

FIG 6 Lipid 654 and lipid 430 are not agonists for TLR4. HEK293 cells, trans-
fected with the human TLR4, CD14, MD-2, and SEAP genes, were used to
assay the function of lipid 654 and lipid 430 in vitro. HEK293 cells were stim-
ulated for 24 h with DMSO (vehicle; 50% DMSO in water), the known TLR2
ligands MMP and LTA, lipid 654 (0.69 �g/ml), lipid 430 (0.69 �g/ml), and two
different preparations of known TLR4 agonists, LPS derived from Salmonella
enterica or P. gingivalis (1 �g/ml). Responses were assessed at 24 h, and results
are expressed as the ratio of stimulated to nonstimulated (DMSO) responses
(n 	 2).

FIG 7 In vivo administration of lipid 654 or lipid 430 to wild-type and
TLR2�/� mice. (A) Lipid 654 (1 �g) or vehicle (50% mixture of DMSO-water)
was injected i.p. into either WT or TLR2�/� mice. Four hours later, the mice
were bled and the sera assayed for levels of CCL2 by ELISA. Histogram bars
represent the mean � standard error of the mean (SEM) for 3 or 4 trials. (B)
Lipid 430 (2.5 �g) or vehicle (PBS) was injected i.v. into either WT or TLR2�/�

mice. Four hours later, the mice were bled and the sera assayed for levels of
CCL2 by ELISA. Histogram bars represent the mean � SEM for 3 trials. Sta-
tistical significance was assessed using the Student t test, with symbols indicat-
ing the following significance levels: *, P 	 0.0164; #, P 	 0.0012 for WT versus
TLR�/� lipid responses.
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the Flavobacterium genus, from which it was originally isolated.
According to previous reports, flavolipin represents approxi-
mately 20% of the total cellular lipids of Flavobacterium meningo-
septicum and is capable of acting as a TLR4 ligand (35, 36). In
contrast, the results of our study demonstrated that neither lipid
654, nor lipid 430, activate via TLR4 but instead function as li-
gands for TLR2. Since both lipid 654 and lipid 430 act as TLR2
ligands but do not appear to activate through engagement of
TLR4, it is possible that a lipid contaminant in the flavolipin prep-
arations accounted for the previously reported TLR4 engagement
(35).

An additional important distinction between flavolipin and
lipid 654 is that, while only Flavobacterium species were originally
reported to produce flavolipin (33, 35), we now report that lipid
654 is produced by more than Flavobacterium species. In addition
to P. gingivalis, analysis of lipid extracts from Prevotella interme-
dia, Tannerella forsythia, Capnocytophaga ochracea, Capnocy-
tophaga gingivalis, and Capnocytophaga sputigena revealed that
each of these oral Bacteroidetes produce the lipid 654 class (data
not shown). Selected intestinal Bacteroidetes, including Prevotella
copri, Parabacteroides merdea, Parabacteroides distasonis, Bacte-
roides fragilis, Bacteroides stercoris, Bacteroides uniformis, and Bac-
teroides vulgatis, also produce the lipid 654 class (data not shown).
A complete characterization of commensal organisms capable of
producing lipid 654 and lipid 430 will be the focus of future stud-
ies. Nevertheless, our evidence thus far indicates that lipid 654 is
produced by a wide variety of Bacteroidetes species and that, unlike
flavolipin, it is not produced exclusively by Flavobacterium species
(35, 36).

Using HEK293 cells stably transfected with TLR2 along with
other relevant receptors, we found that lipid 654 and lipid 430 of P.
gingivalis activate human cells via TLR2. Lipid 430, which is struc-
turally related to lipid 654, is unique as a TLR2 agonist in that it
contains only one fatty acid linked to a glycine-serine head group.
In contrast, lipid 654 contains two fatty acids held in an ester
linkage. Furthermore, the lipid 430 class is soluble in aqueous
solvents of either neutral or basic pH, but this lipid class becomes
considerably less soluble in acidic aqueous solvent. In contrast, the
lipid 654 class will not dissolve in aqueous solvent unless it is
sonicated to form liposome preparations. These differences in
lipid structure and solubility will be the subjects of future investi-
gations into the structural requirements for TLR2 engagement.
The synthesis of lipid 430 by organisms other than P. gingivalis is
likely, but this remains to be determined.

Activation of TLR2-expressing HEK293 cells was not observed
to be mediated by the phosphorylated dihydroceramides or phos-
pholipid preparations of P. gingivalis. With normal-phase HPLC
fractionation, lipid 654 of P. gingivalis elutes slightly earlier than
the PE DHC lipids. With the use of state-of-the-art HPLC equip-
ment, which was not available at the time of our earlier work, the
lipid 654 class can now be isolated largely free of PE DHC lipids.
Since the purified PE DHC lipids demonstrate no capability to
activate human cells through TLR2, we conclude that the previ-
ously reported activity of PE DHC lipids of P. gingivalis to engage
TLR2 in mouse dendritic cells (13) was likely related to contami-
nation of PE DHC lipids with the lipid 654 class.

Pretreatment of HEK-TLR2 cells with anti-human TLR2 anti-
body inhibited the effects of both lipid 654 and lipid 430 classes on
TLR2-expressing HEK cell activation. The in vitro effects of anti-
TLR2 antibody were consistent with the in vivo effects of lipid 654

and lipid 430 on serum CCL2 levels in wild-type and TLR2�/�

mice. We therefore conclude from this evidence that lipid 654 and
lipid 430 are structurally unique TLR2 ligands derived from P.
gingivalis. In attempting to clarify the role of TLR2 coreceptors in
the engagement of lipid 654 or lipid 430, we observed that neu-
tralizing antibody against either TLR1 or TLR6 partially inhibited
HEK cell activation (data not shown), but not to the extent that
anti-TLR2 antibody inhibited HEK cell responses. In addition, the
pattern of inhibition with the coreceptor antibodies appeared to
differ between lipid 654 and lipid 430. Further work is needed to
confirm these observations.

In unpublished studies, we recently evaluated lipid extracts of
human impacted third molars using multiple reaction monitoring
MS, specifically quantifying the lipid 654 class. We found that
these lipid extracts contained minimal amounts of lipid 654 and
essentially no lipid 430 (data not shown). These results suggest
that in human tissues not directly exposed to bacteria, these lipids
are not recovered in appreciable levels. In contrast, our recent
studies revealed that lipid extracts from diseased human gingival
tissue, carotid atheroma, and serum demonstrate lipid 654 (data
not shown) in levels far exceeding the phosphorylated dihydroce-
ramide lipids of P. gingivalis (32). Therefore, future studies will
focus on the recovery of 654 and 430 lipids in healthy and diseased
human tissues.

Although we have previously shown that LPS and lipid A of P.
gingivalis are significantly contaminated with the phosphorylated
dihydroceramide lipids (12), we have now determined that LPS of
P. gingivalis prepared according to the methods of Yi and Hacket
and Caroff (31, 45) contains an average 3.81% by weight of lipid
654. LPS contamination with lipid 654 supports the conclusion
that the TLR2 activity previously attributed to be LPS/lipid A of P.
gingivalis (46) is due in part to the presence of the 654 lipid class.
However, other factors could be involved, as described below. A
more recent report (11) indicated that the same phospholipid ex-
traction method used in our laboratory (47, 48) yields an aqueous
soluble factor from P. gingivalis that engages TLR2/TLR1 to a
greater extent than the total lipids recovered in the organic sol-
vent. We recently confirmed that lipid 430 and lipid 654 can be
recovered from the aqueous extract of P. gingivalis following acid-
ification of the aqueous phase with acetic acid and extraction of
lipids into chloroform. The lipid 430 present in the aqueous phase
alone could have produced the TLR2 effects observed by Jain et al.
(11). Jain et al. also concluded that an aqueous soluble TLR2/
TLR1 agonist copurifies with LPS and is released when the LPS is
hydrolyzed to produce lipid A. This LPS-associated factor is atten-
uated by lipoprotein lipase treatment (11). Lipoprotein lipase will
hydrolyze ester-linked fatty acids from triglycerides of lipopro-
teins. While lipid 430 does not contain an ester-linked fatty acid,
the lipid 654 class does contain an ester-linked fatty acid. Al-
though highly purified lipid 654 is not soluble in aqueous solvents,
LPS, which is soluble in aqueous solutions and is contaminated
with lipid 654 and lesser amounts of lipid 430 (data not shown),
likely acts as a carrier for lipid 654 in aqueous extracts of P. gingi-
valis. It is also possible that another TLR2 ligand or a lipoprotein
that has not yet been identified is present in the aqueous extracts of
P. gingivalis. However, the previously reported lipopeptide of P.
gingivalis (4, 49), which is soluble in aqueous solutions, was not
the primary TLR2/TLR1 ligand present in the P. gingivalis aque-
ous extract. Until the putative water-soluble factor of P. gingivalis
described by Jain et al. (11) is isolated and structurally character-
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ized, lipid 430 and lipid 654 constitute the primary TLR2 ligands
that are recovered in the aqueous extract of P. gingivalis. Future
work will focus on the water-soluble TLR2 factors produced by P.
gingivalis.

Although many virulence factors of P. gingivalis have been pro-
posed to contribute to periodontal bone and tissue destruction
(16, 17, 50), we have reported that various complex lipids of P.
gingivalis are readily detected in periodontal disease sites without
concurrent bacterial invasion or LPS recovery (21, 51). We have
now determined that specific lipid classes that are relatively minor
constituents of this organism are responsible for activation of
TLR2 and that dihydroceramide lipids are not responsible for
these TLR2-mediated biological responses. Our findings are con-
sistent with those of other investigators who have reported that P.
gingivalis colonization of teeth in experimental animals mediates
bone loss through engagement of TLR2 (17, 52, 53). We believe
that the lipid 654 and lipid 430 classes produced by P. gingivalis
and other oral Bacteroidetes play a critical role in the development
of destructive periodontal disease by promoting bone loss and
inhibition of bone formation, as we have previously reported (14).
We further suggest that lipid 654 and lipid 430 may contribute to
the development of other chronic inflammatory diseases of hu-
mans, where these bacterial lipids accumulate to substantial levels
due to contributions from microbes of the oral cavity, gastroin-
testinal tract, and other anatomical sites.

In summary, this investigation identified two serine lipid
classes produced by P. gingivalis that act as newly defined ligands
for TLR2 both in vitro and in vivo. These lipid classes are com-
prised of a group of lipid species with similar base structures as
depicted for lipid 430. Addition of an esterified fatty acid to these
base structures yields the three constituent lipid species of lipid
654. However, it is unclear at this time if the lipid species of lipid
430 represent a precursor or breakdown products (or both) for the
constituent lipid species of lipid 654, and this will be a focus of
future investigations. It is notable that the lipid 654 and lipid 430
classes differ substantially in their solubility characteristics in
aqueous solvents. We believe the different solubility characteris-
tics and the enzyme susceptibilities of these lipids could provide a
novel framework for different modes of local delivery and innate
immune system activation by these lipids. Thus, the two classes of
lipids working together could potentially result in the both bone
and soft tissue destruction that is associated with chronic perio-
dontitis in humans. Further research will clarify these questions.
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